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We report on the growth of amorphous carbon nitride films sa-CNxd showing the highest
conductivity to date. The films were prepared using a layer-by-layer method sa-CNx :LLd, by the
cyclical nitrogen radical sputtering of a graphite radical, alternated with a brief hydrogen etch. The
photosensitivity S of these films is 105, defined as the ratio of the photoconductivity sp to the dark
conductivity sd and is the highest value reported thus far. We believe that the carriers generated by
the monochromatic light (photon energy 6.2 eV) in the a-CNx :LL films are primarily electrons, with
the photoconductivity shown to increase with substrate deposition temperature. © 2004 American
Institute of Physics. [DOI: 10.1063/1.1792384]
The family of tetrahedral amorphous carbon films has
shown promise toward device applications based on lumines-
cence. In particular, hydrogenated tetrahedral amorphous car-
bon has shown relatively good photoconducting
properties,1–3 which can be further improved by the addition
of impurities such as nitrogen.1,4–6 The resulting amorphous
carbon nitride films sa-C:Nxd show interesting properties,
including electroluminescence,7 photoluminescence,8 low di-
electric constant9 and detection capability for heavy-ion
particle.10 The layer-by-layer amorphous carbon nitride films
sa-CNx :LLd prepared in this study show a two to three or-
ders of magnitude improvement in photoconductivity re-
ported for any form of a-C films. We investigated the density
r, sp3 fraction and nitrogen concentration [obtained using an
electron-energy-loss spectroscopy (EELS)], the optical en-
ergy gap E04, the Urbach energy EU [calculated from photo-
thermal deflection spectroscopy (PDS)], and defect density
[from electron spin resonance (ESR)] as a function of sub-
strate temperature TS during sputtering, in order to examine
the thermal evolution of the growth and structure affecting
the photoconductivity of these films.
The a-CNx :LL films were prepared by a cyclic process
of a deposition step of thin a-CNx film by a nitrogen radical
sputtering, immediately followed by a hydrogen treatment
step that helps to reconstruct the bulk material; this process
is repeated until the required thickness of film is grown. The
hydrogen treatment on the a-CNx films helps to reduce the
defect density and remove weak C dangling bonds without
the inclusion of significant atomic hydrogen.4 The a-CNx
films were prepared using sputtering in a 13.56 MHz rf sys-
tem, at a power of 85 W, a substrate temperature TS that
varies from room temperature (RT) to 400°C, and a N2 sput-
ter gas pressure of 0.12 Torr (gas purity of 99.999%). For the
hydrogen treatment step, we used a glow discharge of H2 at
0.50 Torr (gas purity 99.999%) at a rf power of 85 W at TS.
The a-CNx films initially grown are reduced with structural
reconstruction during this phase. Typical film thicknesses per
layer for a single-sputter growth and etching cycle are esti-
mated to be 15 and 5 nm, respectively, for a growth time of
3 min, followed by H2 etching for 40 s. We ran seven cycles,
resulting in a film thickness of 70 nm. Deposition and etch-
ing rates for individual layers are estimated to be in the order
of 3.0 and 7.5 nm/min, respectively. The heating and cooling
rates during the film preparation were maintained at 4 and
1°C/min, respectively.
The photoconductivity was measured using aluminum
sAld gap electrodes, comprised of structures with a lateral
gap of 60 mm, in 6-mm-wide stripes. A light source from a
Xe lamp of 150 W was used to irradiate the gap cell with a
monochromatic light. The photon flux, Fscm2 sd−1, was cal-
culated using a voltage lock-in-amplifier configuration (Stan-
ford research system SR830), with a pyroelectric detector
(Hamamatsu Photonics K.K.P2613) at a chopping frequency
of 3.5 Hz. The photocurrent passing through the a-CNx :LL
film was monitored using a Keithley 6512 picoammeter. The
dependence of the photoconductivity on photon energy, at a
fixed photon number and applied voltage of 32 V dc, is
shown in Fig. 1. The photon number F used for the experi-
ments for the low-energy range of 3.5–4.6 eV s5
31013 cm−2 s−1d was different from the one used for the
high energy at 4.5–6.2 eV s131012 cm−2 s−1d. The photo-
conductivity of the a-CNx :LL films increased with substrate
temperature TS and photon energy, whereas the dark conduc-
tivity sd, measured at room temperature was 10−14 sV cmd−1
or lower. The photosensitivity, S=sp /sd, is approximately
105 at a photon energy of 6.2 eV, with an energy flux of
5mW/cm2. As the mobility gap of the a-C films has been
shown to be larger than that of the optical band gap,2,6 which
in turn is smaller than the energy used to measure photocon-
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ductivity s6.2 eVd, it follows that the observed photoconduc-
tivity is considerably higher than those measured prior to this
study.
Sp2-hybridized carbon has p–p* and s–s* bonding-
antibonding bands, with all bonding states filled. In the band
model used here, due to the high concentration of nitrogen in
the films, a nitrogen lone pair state is believed to form in the
p valence band.11,12 The increase of signal in the photocon-
ductivity at 3.5 eV in Fig. 1 can be attributed to a transition
from a nitrogen lone pair state in the valence band to a s*
empty antibonding state in the conduction band sENLP-s*d.10
Due to the high optical penetration depth, it follows that the
optical absorption is not sufficient in the films examined in
this study (film thickness of 70 nm) to show photoconduc-
tivity below incident photon energies of 3.5 eV.
Figure 2 shows the dependence of the defect density NS
and nitrogen concentration for a-CNx :LL films as a function
of substrate temperature TS. Previous reports have shown
that the photoconductivity of the a-C films is related to the
defect density NS, varying in the range of 0.5,1
31018 cm−3, and decreasing very slightly with an increasing
TS. Furthermore, the nitrogen concentration in these films
prepared layer-by-layer is almost constant as a function of
the substrate temperature, showing the direct link between
the defect density and the nitrogen concentration.
Figure 3 shows the dependence of the sp3 fraction and
density r for the a-CNx :LL films as a function of substrate
temperature Ts as obtained by EELS. The results suggest that
the films have a unique composition, as they show an un-
usual increase in the sp3-hybridized carbon fraction con-
comitant with a decrease in the density r of free carriers.
Because of the almost constant nitrogen concentration as a
function of substrate temperature, we suggest that the in-
creased substrate temperature affords higher atomic hydro-
gen mobility in the films, resulting in more sp3 bonding, in
the form of C–H (and C–H–N) states. Generally, with
higher atomic mobility of C and N atoms, a more sp2-rich
structure is formed, with a predominance of the planar
bonds. The proposed higher density of C–H sp3 states re-
sults in a lower overall density of the films, as measured.
Furthermore, C–N sp3 bonds would be more stable than
CvN sp2 bonds at higher temperatures, consistent with the
measured sp3 fractions.
The dependence of the optical energy gap E04 and Ur-
bach energy EU obtained from the PDS for the a-CNx :LL
films as a function of substrate temperature Ts is shown in
Fig. 4. The E04 was determined from the energy at which the
absorption coefficient a equals 104 cm−1. The EU describes
the curvature of the band edge of the tail state. The E04 and
FIG. 1. Dependence of Ip /eN0 on the photon energy for a-CNx :LL, as a
function of substrate temperature Ts, for a fixed photons number. Ip, e, and
N0 are the photocurrent fAg, the electronic charge fCg and photon number
ssd−1, respectively. The photon number N0 is equal to the product of the
photon flux Fscm2 sd−1 with the area of a-CNx :LL film s6 mm360 mmd
irradiated by the monochromatic light.
FIG. 2. Dependence of the defect density Ns (obtained from ESR) and the
corresponding nitrogen concentration (determined from EELS) for
a-CNx :LL films, as a function of substrate temperature Ts.
FIG. 3. Dependence of the sp3 fraction and density of valence electrons r
for a-CNx :LL films, as a function of substrate temperature Ts, obtained by
electron-energy-loss spectroscopy.
FIG. 4. Dependence of the optical energy gap E04 and Urbach energy EU,
obtained from photothermal deflection spectroscopy, for a-CNx :LL films as
a function of substrate temperature Ts.
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EU are approximately constant until 200 °C and then begin
to converge and crossover at 350 °C. The increase in EU is
related to the amount of disorder near the band edge. This
may be explained by the free N forming clusters of C–N sp2
states leading to the lower defect and physical density, and
also a decrease in the E04 band gap. We believe this cluster-
ing to predominate the p component of the valence-band
edge, for in optical absorption, the filled states are excited to
empty antibonding states. If the C–N sp2 cluster is present,
with or without lone pair states at the p band, this would
give a broader tail.
The data shown in Fig. 1 gives a very interesting insight
into the properties of these films. It firstly gives the shape of
the convoluted bonding and antibonding states in which the
bonding side probably dominates. It also gives a very large
dynamic range of values, indicative of the huge difference in
mobility values between high-energy extended states and
highly localized p states. The y axis of the figure, as it
stands, is equivalent to the uncorrected “figure of merit” for
a single-carrier photoconductor, and will be a combination of
the carrier absorption, recombination time, and convoluted
mobility as a function of energy. There is a case for a two-
Gaussian fit to the data shown, with the first peak attributed
to sp2 states based upon C, C–N, and some lone pair bonds.
The higher energy peak at 6 eV has been observed by many
experiments, including the EELS low-loss region, and is at-
tributed to the extended state conduction, or the high-
mobility region. If we are now to consider the data below
4.7 eV for which we have accurate absorption data sad,
based on optical measurements, it is possible to obtain the
corrected mt product. This gives a change in the photon
number in the range of 10−11–10−8 cm2 V−1, for the energy
of 3.5–4.7 eV, with the y axis in Fig. 1 transported by eight
orders of magnitude to lower values. These absolute values
are significant, for if we assume the recombination time to be
in the order of 10−9–10−8 s,13 the resulting lower bound mo-
bility is in the order of 10−3–10−2 cm2 V−1 s−1 for the carri-
ers (electrons) at an energy of 3.5 eV, increasing to around
1–10 cm2 V−1 s−1 for the 5 eV states. These values are fur-
ther justified as the mobility, close to the Fermi level, has
been measured to be around 10−9–10−6 m2 V−1 s−1.14,15
Higher values of 1–10 cm2 V−1 s−1 have also been observed
under special conditions of nanostructuring in the a-CNx
films16 and under superlattice conditions.17 The small varia-
tion in the data as a function of substrate temperature is
expected with the evolution of the bonding, especially the
C–N sp2 lone pair states and band gap. The variation is
small, and we believe this could be due to the little variation
observed in the unpaired defects measured by ESR.
In conclusion, we report high photosensitivity values of
105 at monochromatic light with photon energy of 6.2 eV,
with an energy flux of 5 mW/cm2. We show the movement
of the resultant photoconductive spectrum as a function of
substrate growth temperature, and postulate the existence of
a C–N sp2 lone pair state that dominates the recombination
process close to the p bonding states. The layer-by-layer
growth process gives quite unexpected results in terms of the
microstructure of the film with high sp3 bonding and low
band gap at high temperatures. This is explained by invoking
the restructuring process that takes place during the hydro-
gen plasma treatment step, through the formation of sp3
bonds with the introduction of hydrogen at higher substrate
temperatures. Unlike previous studies, we do not see a sig-
nificant dependence of the photoconductivity on the unpaired
defect spins measured by ESR. The data shows this novel
synthesis route of layer-by-layer growth of a-CNx :LL by ni-
trogen radical sputtering to be a candidate for photodetector
materials as well as photoconductors.
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